T he Pen Branch Project is a program to restore a forested riparian wetland that has been subject to thermal diiturbance caused by nuclear reactor operations at the Department of Energy's (DOE) Savannah River Site (SRS), an 80,200-hectare nuclear facility located inSouthCarolina. Various levels of thermal discharges to streams located across the US. have occurred and continue to occur as a result of nuclear operations, elecaicpowerptoduction, paper production, sewage treatment and other causes. Although thermal discharges occur, we are not aware of any other wetland restoration project implemented because of thermal Impacts, mainly because impacts from these various industries are hiily regulated and telatively minimal compared to the level of disturbance that has occurred in Pen Branch.
Even though the functions that wetlands provide are widely acknowledged, losses continue at a rate of 47,000 hectares per year, much of which is occurring on forested wetlands in the SoutheastemUS. (Opheim, 1997) . Techniques for restoring and monitoring bottomland forests, the major type of forested wetland in the Southeast, are undeveloped and imprecise (Clewell and Lea, 1990) . InformatKon'is needed to more effectively restore, conserve and manage these valuable ecosystems. The Pen Branch Project is designed to assess the effectiveness of a number of restoration techniques. Through comparisons of planted areas with unplanted control areas and comparisons among other bottomland ecosystems at different stages of succession, we will develop indicators of wetland health that will allow us to assess the effectiveness of future wetland restorations. Here we summarize the overall project and report on what has been accomplished to date.
History
At the SRS, water was pumped from the nearby Savannah River, used as coolant for nuclear reactor operations, and died into adjacent natural river corridors. The expectation was that waters would cool to reasonable levels prior to reuniting with the Savannah River. Pen Branch, a thiio&r sneam, was one of three river/floodplaii communities used for die of thetmal effluents. Prior to reactor placement in 1954, the Pen Branch riparian vegetation community consisted of a closed canopy of baldcypress (Taxodium distiducm) and water tupelo (Nyssu aquatica) along with other bottomland hardwood species in the floodplain ripariancortidor (Sharia et al., 1974) . Natural flow in Pen Branch was typically l-2 cubic meters per second (ems). Reactor operations raised the flow to as much as 10-12 ems, with water temperatures ranging from 40-5@ C (Nelson, 1996) . This high temperature and increased volume decimated the bottomland vegetation community and, * eliminated the seed bank and root stock from the previous bottomland forest in the floodplain and delta regions of Pen Branch. Similar levels of disturbance.occur to bottomland hardwood communities in Florida as a result of phosphate surface mining. With both types of disturbance, soils are devoid of viable seeds or root stock, but returning the t~Nd hydrology is more difficult after surface mining. The natural hydrology returned to Pen Branch the minute the pumps were turned off in 1988.
On the basis of the Final Environmental Impact Statement (EIS), the DOE initiated restoration of those areas impacted by the thermal discharges into Pen Branch (DOE, 1991) . The restoration is the result of a negotiated concession between DOE and a number of regulatory agenctes including the Corps of Engineers and the Environmental Protection Agency. The restoration is an in-kind, in-place mitigation for prior damages. The FinalEIS led to the development of a Mitigation Action Plan (MAP) for Pen Branch (Nichols, 1992) . The MAP identified natural regeneration of the thermally impacted areas as the preferred vegetation restoration method, but also recommended the use of artificial regeneration where necessary. The Savannah River Natural Resource Management and Research Itmitute '(a unit of 'the USDA Forest Service) manages SRS lands, and has the responsibility of revegetating the denuded Pen Branch wetland corridor and delta. The long-term objective of the restoration is to reestablish a bottomland hardwood community in the riparian floodplain of Pen Branch and a cypress-Npelo community in the delta.
Postdisturbance Condition
Once the thetmal dies ceased, a few early-successional species took advantage of the exposed mineral soil conditions and colonized the area aggressively. These included black willow (S&x nigm), smooth alder (Alnus sum&m), wax myrtle (My& cer$eru) and buttonbush (CcpMcmthus occident&s). Dispersed by wind and water, these light-seeded species quickly became established, and by 1992 dominated the floodplain corridor and delta.
In total, thermal discharges affected 236 hectares, including 88 hectares in the riverine floodplain and 148 hectares in the delta (Dulohery et a& 1995) . When Forest Service staffasmssed naNd regeneration in 1992, they found that approximately 99 hectares in the lower delta fringe (see natural regenerationon map) and 48 hectares in the uppermost part of the watershed (not shown) were already sufficiently stocked with native bottomland species. The delta ,areas, although extensively boded, were furthest downstream from the reactor, and thermal dirges had sufficient time to cool to a level that impacted the forest community to a lesser degree. Upper reaches were less severely affected because the waterway is well channelii and the tloodplaii is narrow. Seed soutces from the floodplaii edge led to sufhcient 'natural regeneration in these areas. The Forest Service monitored the severely damaged 49 hectares in the delta (areas M-Q on map) and the 40 hectares in the riverine floodplain (areas A-L on map) for three years. Virtually no natural recovery of native bottomland tree species occut~ed in these areas.
There are several reasons for the failure of natural regeneration in the Pen Branch floodplain and delta. Prolonged exposure to extremely warm water in these areas, not only killed the tree root stock, but also killed the propagules in.the seed bank. Since the entire width of the floodplain was affected in this area, no native bottomland seed sources were available.
Also,'water flow in the delta is affected by dam operations on the Savannah River. Dam operations have virtually eliminated the naturally occurring periods of low water necesmry for successful natural regeneration of swamp forest species such as baldcypre& '&id water tupelo (Sharia, 1993) . Dominated by cattails,(Ty@rq& and black willow, the former cypress-Npelo swamp of the delta is now inundated pPn>Ud.
Restoration
In 1992, the Forest Service's Savannah River Natural Resource Management and Research Institute began efforts to accelerate the recovery of the Pen Branch sys tern to its previous bottomland forest condition. Artificial regeneration efforts were concentrated on the 86 hectares (see map, areas A-Q) that had been most severely affected by the thermal discharges. Our goal,was to plant seedlings in sufficient numbers and diversity to allow the development of a mature bottomland hardwood canopy in the stream corridor and a cypress-Npelo canopy in the delta (Table 1) . Native shrub and herbaceous species were not planted. We believe that unimpacteci bottomlands located both upstream and in nearby watersheds will serve as sources of understory species for the impacted areas of Pen Branch. Also, little is known about the tolerance of understory species to shade, competition and flooding. Current conditions in Pen Branch may not support many native understory species. It may be 20-30 years before the canopy approaches closure, providing the necessary conditions for the establishment of understory species. Results of future monitoring will be used to prescribe other vegetation manipulations if necessary. The area to be restored was divided into three sections on the basis of hydrology and vegetation present: 1) the upper corridor, the driest of the three areas, dominated by shrubs (black willow, buttonbush, wax myrtle, and smooth alder) (24 To assess the effectiveness of active intervention, we planted only 75 percent of the study area. The remaining 25 percentoftheareaisaseriesofunplantedcontrol strips located between planted areas. We established three planted strips and three control strips in both the upper and the lower corridor, and three planted strips and two control strips in the delta (see map). We selected seedling species that are typical of relatively undisturbed bottomland forests on the Savannah River Site (Table 1) . Seedlii species were appropri-. ate to the soil type and hydrology present in the floodplain corridor and delta. We used three site-preparation methods, also adapted to the existing conditions. The virtually unbroken thickets of black willow in the upper corridor were herbicided in Following each planting, surveys were conducted to monitor survival and growth (Dulohery et al., 1995) . The combination of herbicide + burning eliminated about 95 percent of the overstory and understory. Red maple (Acer rubrum), a native bottomland .hardwood species (Jones et al., 1994) and a component of tllc target ecosystem, whose density was low enough not to pose a competition problem for the planted hardwoods, was virtually unaffected by the herbicide treatment. Although the combination site preparation technique allowed for much easier and efficient planting, it also opened the site to nuisance animals. Though mice, rabbits, beaver, and deer did little damage to the newly planted seedlings, feral hogs caused unexpected and unacceptable damage in areas cleared by burning and herbicidii, destroying two-thirds of the uppercorridor seedlii, pdedng oaks over other spetics (WSRG 1995) . In spring of 1995, we replanted the herbicide + prescribed-bum areas in the upper corridor with cherrybark oak, water oak, shumard oak (Quemusshumu&i), green ash, sycamore (Plumnus occi&m&), pignut hickory (Cutya gfubru), water hickory and swamp tupelo. By 1995, the herbicide+ bum areas had regained some early-successional herbaceous vegetation cover, and no extensive feral hog damage has occurred since.
Outcome
We conducted a seedling establishment survey in April of 1997. Field crews tallied and identified all native bottomland species in 0.008 hectare plots, including unplanted species typical of bottomlands such as ted maple, sweetgum @@&m&r styruci/Iuu) and river birch (Ben& nfgru) (Jones et al., 1994) . In total, 528 plots were measured in planted and unplanted areas of the floodplain corridor and delta. We also measured 63 plots around the fringe of the delta in the natural regeneration areas. ! Early-successional species such as black willow, smooth alder, wax myrtle and buttonbush were noe tallied. Results from our 1997 seedlingestablishmentsurveysuggest chat Pen Branch is on a trajectory toward a mixed bottomland hardwood forest in the riverine floodplain, and a cypress-tupelo swamp in the delta (Table 2, Figure  I ). Planted areas in the upper Pen Branch corridor average 401 +-43 stems/hectare (mean +-standard error), the lower corridor 405 + 34 seems/hectare and thedelta 522 f 34 stems/hectare of native boctomland species (Kolka et al., 1998) . Ourseedling establishment in Pen Branch falls within the range (330-900 seems/hectare) of those reported for tree densities in un- Although water tupelo, sycamore, green ash and persimmon have faid well in the drier upper corridor, overall sunrival of planted seedlings is poor (Table 2) . These species, especially sycamore, green ash and persimmon, are fast growing and have broken through the herbaceous competition. Baldcypress is surviving extremely well in the wetter lower corridor and inundated delta (Table 2) . Nearly 100 percentsurvIvalofanyspeciesissom~t surprising. The obvious potential error in survival percentages is the counting of naturally regenerated volunteers. Thii effect should be minimal, however, because we subtracted the species density found in nearby unplanted control sections from the those in the planeed sections. However, it is possible that planted areas, because of natural variability, had nearer seed sources than unplanted controls, or chat the site-preparation techniques used in planted areas were more conducive to the. establishment of volunteers, Seedling establishment in .unplanted areas is much lower than in planted areas, averaging 115 stems/hectare in the corridor and delta (Figure 1 ). Bottomland seedlings established in the unplanted control sections were comprised mainly of mainly red maple (51 percent), with river birch .(17 percent), baldcypress (12 percent), sweetgum (6 percent) and sycamore (5 percent) also as important components (Kolka et al., 1998) .
Natural regeneration of the less impacu&ucasaroundthemarginofthedelta is highly variably Average stem density is 1750 -C 2410 stems/hcctaxe, with a range 0fOtoalrnost lO,OOOstem&xtare(Kolka et al., 1998). Naturally recovering stands ace comprised mainly of baldcypress (56 percent), with water tupelo (18 percent), red maple (16 percent), and sweetgum (8 percent) also as important components. Nearness to seed sources is obviously play ing a very important role in the ~Nml regeneratidn of the delta margin.
At thii point, ic appears likely that the future forest canopy of Pen Branch will be similar in composition to the prediiturbance canopy (Sharitz et al., 1974) . We will monitor seedling survival through the year 2000, or until we have reasonable assurance that we have enough established seedlings to assure a self&stainingsystem. Beyond &at, our plans call for periodic revisitation over the next 20 years to co&m the development of a f&tioning bottomland ecosystem. Such long-term monitoring b essential to assess the outcome of this project.
Research
The majority of wetland restoration performed in the Southeast involves either coastal or inland marshes or mangrove ecosystems. The results of vegetation establishment on ,&se sites are evident relatively soon after restoration is initiated, in one to tive years for marshes, and five to 15 years for mangrove swamps. Because of the longevity of forest species and the uncertainty associated with long-term survival, it takes at least 20 to 40 years to truly evaluate the results of a forested wetland restoration. Determining whether a forested wetland restoration project is a success is difficult when the assesstnenC period is short (typically one to five years) and in- We have ongoing experiments assessing the use of tree tubes or tree shelters for protection against herbivory. Seedlingsurviva1 and establishment is much greater when tree tubes are used (Conner et al., 1996) . Although tree shelters may be prohibitively expensive on a large-scale project such as the Pen Branch reforestation, they may be 'cost effective in areas where seedling establishment is deemed espe cially critical. If, for example, stream stabilization and recovery are primary restoration objectives, it may be worthwhile to use tree tubes adjacent to streams. In a relatively short period of time (three to five years), these seedlings will stabilize the banks and provide the light conditions necessary for stream biota recovery. Also, if it is known prior to restoration or even shortly after planting that an area is SUS-ceptible to hecbivocy, tree shchccs may bc a~cost-d?ktbe measure that would ensure seedlihg survival.
Planting in the Pen Branch delta was difficult because of the deep, mucky soils p&tit in places. We found that planting holes closed quickly and it was difficult to get the entice coot mass properly placed in the holes. Because of these pcoblems we cuccently have a study assessing coot pcuning to facilitate planting of seedlings under these cot&U&. Root pruning is simply cutting off the most of the lateral roots to make it possible to insert seedliidicectly into mucky soils without making a planting hole-Although our results ace pceliminary,itappeacsthatrootpnmingoftransplant stock does not have a detrimental effect on seedling survival in mucky condithms, at least for the four species in our study-baldcypress, water tupelo, swamp tupelo, and green ash (Conner et al., 1996) . We will continue to follow this study over the first five yeacs of seedling establiihmenc. If the long term results support our initial impression, it will be possible to achieve dramatic improvements in planting efficiency inthesediicult conditions. recovering forested wetland. Those indiCatnrs A: (a) the relationship betweenhydcology and the composition, structure and productivity of the plant community; (b) stream morphology, aquatic community composition, water quality in the riparian zone; (c) organic-matter decomposition and nutrient dynamics; (d) responses of the animal community.
quantity of herbaceous and small woody detritus, which is decomposing rapidly and supporting a large and diverse community of vertebrate and invertebrate animals.
Currently, the vegetation in the Pen
Branch corridor and delta is dominated by early successional hecbaceous species, especially blackberry and various grasses, in planted areas, and a shrub canopy of black willow with an understory of similar hecbaceous species in the control areas. Instream vegetation is dominated by dose mats of maccophytes. Gpen conditions created by the thermal diicges and by site preparation favored the establiihment of these early successional species. The flush growth of both terrestrial and instream vegetation has resulted in a large
Wehave initiated studies assessingorganic carbon and nutrient cycling across the succession gradient. Soil organic matter (SOM) is a critical interface for the exchange of nutrients between vegetation and soil, and is directly linked to patterns of forest productivity. Studies ace addcessing SOM development by assessing forestfloor proeesms along the sucoessional gcadient (Lo&by and Wiiton, 1997) . The mass of organic matter on the forest floor increased rapidly during early suecession, reaehii a maximum of 657 g/m-* in Pen Branch (early succession) and decreasing to 338 g/m-* in the late-successional system of Meyers Bcaneh. The herbaceous fraction declinedsteadily through succession, from 74 peccent in the earliest stag? to less than 1 percent in the latest stage of succession-Conversely, the amount of woody foliage increased from 6.7 percent in the eacliest stages of succession to ovec 70 percent in late succession-Other Hydrology, of coutse, is a critical f&or when assessing seedling survival. We have found, for ex-.ample, that greenash is more vulnerable to p&mged floodii than ace baklcypreq water tupelo and swamp tupelo (Rozelle and Hook, 1996) . Prolonged soil saturation and inundation are typical conditions in the Pen Branch delta and otherrtream#ehasintheacea,and restorationiscs will want to take this into consideration when selecting species for planting in areas that have d&rent hydrology.
our restoration-assessment studies compare important eeologieal parameters and processes on a restored site (Pen Branch) to nocms established in unimpacted and naturally recovering wetlands on the SRS. We ace using sensitive indicators of wetland functions across the successional gradient to determine whether Pen Branch is on the planned trajectory coward a Ed Olson of the Savannah River Institute measures two years of growth of a planted baldcypress seedling. studies have begun to investigate carbon and nutrient pooh and fluxes along the successional gmdient (Kolka and Tcettin, 1997) . In our studies of carbon and nutrient fluxes, we ace combining hydrologic monitoring with data on soil water, pceeipitation, throughfall, and stream-water chemistry to determine whether eacbon and nutrient transport pcoeesses vary with the stage of succession. In the closely related study investigating carbon and nutrient pools, we are assessing both aboveground and belowgcound pools and the tumover of these pools along the identical successional gradient (Aust and Giese, 1997) . Withim the scope of this study ace individual studies addressing net primary pcoductivity, standing biomass, vegetation community stcuctuce, soil and forest-floor carbon and nutrient content, littecfall production and decomposition, latecal litter transport, inscceam biomass, and instceam litter transport. We will
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Knowledge gained from our monitoring and systematic studies will enable future restoration efforts to be more efficiently and effectively performed and evaluated.
Ground t&h: Damage from hot effluent in the lower corridor is assessed by Marilyn Buford, project leader for the Forest Service's Center for Forested Wetlands Research.
integrate the two studies in an attempt to char&e&e the processes that affect-carbon and nutrient allocation and transport in bottomland-hatdwood wetlands. Dirences in carbon and nutrient allocaeion and transport processes across the successional gradient will be used as one set of indicators to establish a framework for assessing the effectiveness of wetland cestoration techniques. It appears from the data that Pen Branch is performing many of the t&c-tional capabilities of a wetland with respect to animals. For some animal species, especially those adapted to diiturbed conditions, such as mosquitofish (Gumbusiuuffinis), the eastern narrow-mouthed toad (Gustrophryne curohensis,J , red-winged blackbirds (Age&&s phoeniceus) and cotton rats &m&n hirpidus), it appears thae Pen Branch is providing greater opportunity for establishment andsurvival thando late successional systems (Fletcher et al., 1997; Hanlin and Guynn, 1997; Buffington et al., 1997; Wike et al., 1997) . Although species abundance and in some cases diversity are higher in Pen Branch than in .unimpacted, mature systems, the cottimunity structure is very different. Our results indicate that just a few speciesdominate populations in Pen Branch, in contrast with late-successional systems where we find a wide variety of species more evenly represented. Ongoing and future monitoring of animal communities and the functions that conttol animal communicies, will allow us to plot the animal recovery trajectory for bottomland wetlands. We expect that over time, as the plant community matures, differences in animal-community structure between Pen Branch and late-successional model systems will lessen and that the system will gradually assume the character of a mature bottomland hardwood system. Pen Branch is recovering from 34 years of thermal disturbance. We hope that planting native tree species will accelerate recovery. We will continue to monitor seedling establishment, plant communities, soil and hydrology variables, and response of the animal community until we have ensured a self-sustaining bottomland hardwood wetland ecosystem.
With the use of unplanted control areas, and comparisons to similar systems at various stages of succession, we are assessing the effect of our restoration efforts.
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